Crosses were made between two flax genotrophs, L and S, and two other flax genotypes. With a given pair of parents and their reciprocal F1 hybrids, crosses were made in all ways to generate 16 different progenies. Progeny means for total plant fresh weight were examined. Cytoplasmic effects were detected in these progeny. No reciprocal F1 differences were found; cytoplasmic effects were seen as differences between the progeny of the one compared to the other F1 hybrid. Genetic and cytoplasmic effects were estimated by weighted least squares procedures. A depressant cytoplasmic effect was transmitted through the male gametes of S, while a positive effect was passed through the female gametes of L.
INTRODUCTION
HIGHLY inbred genotypes have been extensively examined in the context of crosses between two parents yielding various progeny generations. This basic situation has been exploited to assess the value of models of gene action in the partitioning of variability for quantitative characters.
Additional information is, however, retrievable from crosses in all combinations between two parents and their reciprocal F1 hybrids. Such an arrangement, which provides parental F1, F2 and backcross generations, including all reciprocals, has been used by Barnes (1968) in an analysis of the genetic system controlling yield in Drosophila melanogaster. Variation amongst generation means was summarised by fitting models through a weighted least-squares procedure, and testing these models for adequacy by x2. Analysis of variance with all 16 progenies permitted tests for reciprocal differences in the F1, F2 and backcross generations.
The same arrangement of crosses in all combinations between two parents and their reciprocal F1 hybrids was used in the study reported here. Progenies from five flax crosses were examined for maternal and cytoplasmic effects. Parents comprised two genotypes derived through selection procedures, and two genotrophs, which had resulted from environmentally induced heritable changes in a single genotype (Durrant, l962a, b, 1971) . Evans, Durrant and Rees (1966) established that in apical meristematic tissue there was a difference between the two genotrophs L and S in amount of DNA per cell nucleus; L contained 16 per cent, more DNA on this basis than S. Further work by Evans (l968a, b) indicated that these nuclear changes in the genotrophs were accompanied by changes in the structure and organisation of the chromosomes.
In terms of mean progeny performance for plant weight at maturity, a diallel cross between genotypes and genotrophs (Durrant and Tyson, 1964) dembnstrated that the genotrophs L and S behaved as distinct 327 H. TYSON genetic types. Analysis of F2 reciprocal differences in this diallel by Durrant (1965) indicated that there were, additionally, cytoplasmic differences between L and S.
The inclusion of all possible reciprocals in the crosses described here provided another format for the detection of cytoplasmic effects in the genotrophs L and S.
MATERIALS AND METHODS
The two genotypes were the cultivars Mandarin (M) and Dakota (D); the two genotrophs (L = large, S = small) had been produced by fertiliser treatment (NPK or NK) of one generation of a single genotype (Stormont Cirrus). The production and testing of these genotrophs has been documented by Durrant (1962) ; parent plants used in the present study were the third-generation progeny of the original plants which received the NK and NPK treatments. These genotypes and genotrophs set seed by complete self-pollination; there was no evidence of any outcrossing.
Parent genotypes and genotrophs were arranged in five sets of crosses: The (5 x 16) = 80 progenies from the five sets of crosses were randomised within each of the three replicates of a randomised block design, thus allowing comparisons within and between sets. Each progeny in a given set was represented in each replicate by one row of five plants, with the exception that for P1, P2 and the two F2's stemming from crossing within each of the two reciprocal F1's there were two rows per replicate. Individual plants were weighed fresh after cutting at ground level 120 days from germination. The maximum number of plants in each set was 300; losses were minor, ranging from 3 per cent, in set 2 to 9 per cent, in set 4. Mean plant weights for each progeny in each set of crosses are shown in table 1. For each set in this table, parents and F1's from which the 16 progenies were generated are listed down the left-hand margin (females) and along the upper margin (males); they are additionally symbolised as 1 to 4. Each of the 16 progenies in a set of crosses may then be conveniently referred to in these terms, so that P1 is 11, P2 is 44, F1(P1 x P2) is 14, F1(P2 x P1) is 41,
is 23, and so on. The first number thus indicates the female, the second the male; the combination of the two indicates the resultant progeny. This notation is used in what follows for more concise descriptions of the 16
progenies. The choice of scale for the individual measurements attempted to satisfy the triple requirements of independence between within-row means and standard deviations for non-segregating generations, homogeneity of progeny by replicate interaction mean squares and of error mean squares over sets for analyses of variance of individual sets, and, finally, absence of nonallelic interaction in comparisons of observed and expected F2 and backcross generation means. Comparisons of observed with expected backcross means were made using generations with common maternal (or paternal) parents, as suggested by Mather and Jinks (1971) . This also applied to F2 comparisons. Transformation to a log scale eliminated the significant correlation between within-row means and standard deviations, and the significant heterogeneity amongst the five interaction mean squares. Significant, although reduced, heterogeneity remained, however, amongst the five error mean squares of the analyses of variance. In backcrosses to parent 2, where this parent was common in the F1's and backcrosses (B2's), a significant departure was detected for set 3. The log transformation was thus not entirely satisfactory. Nevertheless, analyses of means were of primary interest here, and a uniform transformation of all data in all sets to a log scale was made, therefore, as an acceptable solution to scaling problems.
In a given set all individual log plant weights were used initially in an analysis of variance. Unequal sub-class numbers were handled by an 8013-.Y Total plant weight (g). ParentsandF1's * Significant at probability 0-05; ** Significant at probability 0-01. 10.45** * Significant at probability 0-0 1; ** Significant at probability 0-05.
1=M
To account for variation between and within generations (amongst progenies) in a set, models were fitted by a weighted least-squares procedure and tested for adequacy of fit by x2. These are elaborated in section 3 (A)
RESULTS (A) Analyses of variance on individual sets
The results from each analysis are shown in table 3. Both main factors were tested against their interaction, while the interaction was compared with residual within-row variability (error); interactions were significant in each set.
Orthogonal comparisons amongst progenies are detailed in table 2. These examined (P1-P2), (F-F1), (2F1-P1-P2), (-B), (2P1--P1+P2-4F2) and (2F1+P1+P2+4P2-4fl1-4fl2) differences in comparisons 1, 2, 3, 13, 14 and 15 respectively. Comparisons 4 to 12 examined maternal and cytoplasmic effects in each of the segregating generations. For the four F2's (22, 23, 32, 33) , effects stemming from the use of the two reciprocal F1's either as female or as male parents were examined in comparisons 4 and 5, while the interaction between male and female effects was tested by 6. For the four B1's, effects of P1 as a female versus a male parent were tested by comparison 7, while 8 examined effects of the alternative F1 parents. Comparison 9 checked the difference due to alternative F1's as females versus male parents. Comparisons 10, 11 and 12 completed identical tests for the four B2's.
For set 3, significant cytoplasmic effects were transmitted through male and female gametes in the F2. Interaction between male and female transmitted effects in the F2 was detected for sets 1 and 5. Reference to table 1 indicates that this interaction stemmed from reversal, complete for set 5, in F2 effects.
Such cytoplasmic effects stemming from the alternative F1's were not found in the B1 generation, but did occur in the B2 for sets 1 and 3. There was evidence of a maternal influence of P1 in sets 2 and 4 for B1, and of P2 in set I for B2. For set 1 in both B1 and B2 there was a significant difference between the effects of the alternative F1's as female compared to male parents.
Thus, while there were no F1 reciprocal differences in any of the five sets, there were significant cytoplasmic effects. Their occurrence introduced the examination of cytoplasmic differences between the genotrophs, or between the genotypes. Of the three relevant comparisons amongst these sets, the first two allowed the differences between genotypes over genotrophs, and between genotrophs over genotypes, in respect of the progeny comparisons (table 2) to be extracted. The results of this breakdown of the progeny by set interaction, with 45 degrees of freedom, are summarised in table 4. The summary concerns only comparisons 4 to 12 amongst progenies, and 1 and 2 amongst sets, to centre attention on the differences between genotrophs' and genotypes' cytoplasmic effects.
The breakdown revealed three significant sums of squares. For the contrast between genotrophs, that is (set 1 + set 3-set 2 -set 4), there was a difference in B2 between the effects of alternative F1's (progeny comparison 11) dependent on L versus S. With S as the second parent in this backcross, the size of the cytoplasmic effect of the alternative F1's was much larger than when L was the second parent. For both S and L, their behaviour in comparison 11 was thus summed over their individual crosses with the two other genotypes, to supply the contrast in this combined analysis.
In the contrast between genotypes, two significant mean squares were detected in B1. Reference to the progeny comparisons (table 2) shows that there was a difference between the maternal effect of P1 (the genotype parent) dependent on whether M or D was used; the size of this effect was much larger for D. There was also a difference between the two genotypes in respect of the alternative F1 effects as male or female parents in B1.
Analyses of variance of individual and of combined sets indicated the existence of cytoplasmic effects, and of a cytoplasmic difference between L and S. These results were derived from comparisons which checked segregating generations separately for cytoplasmic effects. The problem of estimation of genetic and cytoplasmic parameters for the five sets of crosses followed from these analyses.
(C) Models
In searching for a model which adequately summarised the data and, ideally, permitted extrapolation to related situations, essentially two approaches existed. On the one hand, parameters could be included in a model to account for known biological processes. On the other hand, parameters might solely specify effects stemming from the measurements' classification in, say, a data matrix, or 4 x 4 table of results for any one set. In this latter approach, some of the parameters used, for example those for row and column effects in such a data matrix, could then have recognisable biological meaning in the context of the experiment. Mather and Jinks (1971) Barnes (1968) . Estimates of cytoplasmic effects across segregating generations, in terms of comparisons among row and column means in a 4 x 4 data matrix, were also made through the group of orthogonal comparisons shown in table 5.
In so doing, cytoplasmic effects were examined in terms of differences between all progenies of the one compared to the other reciprocal F1 hybrid. A difference between the means of rows 2 and 3 in a data matrix (comparison 4, table 5) would reflect transmission of such effects by female gametes from the reciprocal F1's; F1 male gamete transmission would be seen as a column H. TYSON Both approaches were also combined, so that additive (d) and dominance (h) gene effects as well as the mean could be estimated concurrently with cytoplasmic effects in terms of row and column effects in a data matrix. The expectations for progeny means are shown in table 6. Fitting of this 
Ifemale model in each set was carried out, as before, with a weighted least-squares procedure coupled with sequential elimination of redundant parameters on the basis of x2 tests of residual sums of squares.
Fitting a genetical model with the five parameters m, d, h, dm and hm did not adequately summarise variation in generation means in any set. The variation among progeny means could, however, be adequately summarised in each of the five sets by either of the alternatives (tables 5, 6); results from the use of the table 6 model are shown in table 7. For each set, the estimates represented the minimum group for prediction of progeny means. Comparison of results in table 7 indicated that in sets 3, 4 and 5 there were detectable cytoplasmic effects across segregating generations. These stemmed from the reciprocal F1's, where these were used as female parents (sets 4 and 5), or as male parents (set 3). Interaction between male and female cytoplasmic effects occurred in sets 1, 4 and 5; this was the interaction within F2's (comparison 6, table 2). Additive gene effects were present in all but set 4, while dominance effects appeared in all but set 2. Barnes (1968) included a parameter (f) to estimate the maternal effect associated with the F1 in his study of maternal control of heterosis in Drosophila. An F1 effect was examined in a similar fashion here through the comparisons (6, 7, table 6) of all progeny from both F1's with all those from both homozygous parents. Overall F1 effects in a maternal direction were found in set 4, with a paternal direction in sets 3, 4 and 5, and an interaction between these in sets I and 2. The remaining parameters variously required in the individual set models were concerned with interactions between these principal effects.
The assessment of cytoplasmic effects across segregating generations in combinations of the data for S (sets I + 3) and L (sets 2+4) led to the final part of the investigation. Summation of corresponding progeny means has already been described in relation to the combined analysis of sets 1 to 4 and the examination of cytoplasmic differences between S and L. Averaging corresponding progeny means in sets 1 and 3, similarly sets 2 and 4, supplied two new sets of 16 means each to which the models detailed in tables 5 and 6 were fitted through the procedures outlined above. The appropriate weights were calculated from the within-plot sums of squares. Where SSW( 111) jj represented a within-plot sum of squares for progeny 11 in set 1, and SSW( ll3) a within-plot sum of squares for the corresponding progeny in set 3, and where DF( lll) and DF( 11 3) represented the degrees of freedom pertaining to these SSW's, then the common variance, ill' for all II individuals in sets 1 and 3 was obtained as:
with subscripts i = 1, 2 (no. of plots within replicates), and 1, 3 (no.
of replicates). If J1(l 11) and J(l 13) represented the total number of individuals for progeny type 11 in sets 1 and 3 respectively, the variance of the mean of these in the combined sets was: = s.
The weight used for 11 in the combined sets was then (1)
The combination of sets 1 and 3 (or 2 and 4) allowed the average performance of S (or L) against both M and D to be extracted in terms of table 5 or 6 parameters. The resuUs are shown in table 8. In table 8, cytoplasmic effects across segregating generations were again the feature of immediate interest. It can be seen that there was a significant depressant cytoplasmic effect transmitted through the male gametes in the case of S, while for L there was a significant positive cytoplasmic effect transmitted through the female gametes. This was found using either model.
The parameter estimates extracted for S and L were then used to predict the performance in the cross between S and L (set 5). The group of coefficients in table 5 was the design matrix, symbolised, after transposition, by X. Positioning parameters for S in a column vector of dimensions 15 by 1, with redundant S parameters indicated by zeros, gave a vector, b8. A corresponding process supplied b1. Prediction of progeny type means in set 5 through Xb required slight modification of X here, since there were two separate vectors of estimates (b3 and b1); replacement firstly of negative coefficients in X by zeros to give X5, and secondly positive coefficients by zeros to give X1, with all remaining negative coefficients' signs becoming positive, permitted the predictions to be found from: m+Xb+X1b1 =p, where m was a column vector containing the observed mean of the 16 progeny means in set 5, and p was the resulting vector of predicted progeny means. Estimates of parameters, detailed in tables 5 and 6, in combined data, i.e. sets (1 + 3) = S and (2+ 1) = L (a) Table 5 parameters (ii) Table 6 
Discussior
Information about the segregational and recombinational properties of nuclear genes has provided an immediate basis for models describing inheritance in genetical experiments with quantitative characters in higher plants. Lack of information about the mechanism involved in cytoplasmic inheritance has inhibited a similar modelling approach irs its case. Barnes (1968) found that all progeny of F1's as females were superior; this superiority was reflected in the highly significant component associated with the F1 maternal effect in the appropriate model summarising his data from an identical experimental arrangement of crosses to that described here. Results from sets 3, 4 and 5 here paralleled Barnes' findings, in that differences were detected between the means of F1 and of P1, P2 progeny, either in a maternal or paternal direction. However, in only one case (set 4, paternal) was the difference in favour of the F1; in this respect the findings here differed from those of Barnes. The analyses here have been concerned with means, and more particularly with cytoplasmic effects revealed by these means. As well as testing F1 reciprocal differences in the five sets of crosses made between the two genotrophs and two genotypes, cytoplasmic effects within and across segregating generations were examined. Across B1, B2 and F2 generations 338 H. TYSON it was possible to demonstrate that cytoplasmic effects stemming from the alternative F1's were present, and that these effects could be transmitted through the male or female gametes. Simple models developed from the analysis of row and column effects in a data matrix supplied the basis for this demonstration, as well as the further extraction of S and L's effects over both genotypes with which they were each crossed. In this part of the analyses of the five sets of crosses, the results paralleled the findings of Durrant (1965) in a diallel cross between two flax genotrophs (L and S) and four flax genotypes. Using F2 family variance (log data) from this diallel, an analysis of reciprocal differences was developed by Durrant to examine cytoplasmic effects on homozygotes' and heterozygotes' behaviour. S showed greater dominance in progeny resulting from its use as a male parent, compared to its use as a female, while L exhibited a general increment in its female array compared to its male. Thus, cytoplasmic as well as nuclear changes appeared to have been induced by environmental treatments. In addition, there were distinct differences in the transmission of these changes through the male and female gametes of the two genotrophs. While cytoplasmic effects were demonstrably present in the two genotrophs, their explanation could not, of course, be deduced from these data.
Essentially, male and female gametes of a given genotroph must have received differential cytoplasmic contributions during their formation.
Several suggestions might be made concerning such differential contributions; chloroplast or mitochondrial DNA, long-lived messenger RNA, indole acetic acid (IAA) level coupled with specific thresholds for particular genes in their response to switching on for RNA synthesis by IAA, or different arrays of isoenzymes of peroxidase, an enzyme concerned in controlling IAAlevel in plant tissues, could be involved. It would be technically feasible to attack some of these possibilities with appropriate procedures. Pursuit of an explanation for these cytoplasinic effects could well require utilisation of a wide range of techniques, but the fact that no immediate differences between reciprocal F1 hybrids were detected in the data here emphasised the interrelationship which must exist between any differential cytoplasmic contributions and nuclear genes.
